that are potentially inhibitory to decomposition, fens litter decomposition rate and nutrient immobilization by litter and, such as the Everglades often have soil pH values near further, to determine the quantitative relationship of these responses neutrality and near the optimum for decomposition.
across a range of P concentrations in surface water. In addition, we
High concentrations of dissolved organic acids are a determined whether P additions rapidly elevated microbial biomass common characteristic of many wetlands and can inhibit P in the soil. In order to isolate the effects of P enrichment, we placed decomposition by creating highly acid water. Qualls and bags containing cattail (Typha domengensis Crantz) and sawgrass Haines (1990) showed that this affected decomposition 
1977) in soil or water surrounding the decomposer mi-
caused an absolute increase in P content of the litter up to approxicroflora. Suberkropp and Chauvet (1995) found that mately ninefold across the range of water P concentrations, while NO 3 concentration was the only variable correlated with immobilization of N, Ca, and K did not vary with water P concentradifferences in litter decomposition among six hardwater tions. During decomposition, litter exhibited a net uptake of Cu (a streams; however, Triska and Sedell (1976) found no nutrient potentially limiting plant growth on peat soils). The microbial decomposition response to NO 3 additions. biomass P was up to nine times higher in the surface soil of the most found that litter in a stream swamp decomposed much enriched channel compared with the control, but this elevation in faster at sites with elevated inorganic N and PO 4 from concentration was restricted to the upper 12 cm of soil.
agricultural hog (Sus scrofa) farm runoff than at unenriched sites. Elwood et al. (1981) and Newbold et al. (1983) found that experimental additions of PO 4 to D ecomposition is one of the fundamental processes whole streams increased leaf litter decomposition, but that occur in ecosystems. Decomposition of orthat additions of NH ϩ 4 did not. In contrast, Lockaby et ganic matter produced by plants is often slowed in wetal. (1996) found no increase in decomposition rates of lands, particularly in those that form histosols. Several lignin or cellulose in swamp leaf litter in response to factors are likely to control decomposition of plant resieither N or P additions. Davis (1991) , comparing three dues in wetlands: aerobic vs. anaerobic conditions, pH sites along a nutrient enrichment gradient in Water Conof the water, temperature, and perhaps availability of servation Area 2A in the Everglades, observed that inorganic nutrients to decomposers. One of the world's litter of Cladium and Typha decomposed faster at a most dramatic examples of the effect of aerobic vs. annutrient-enriched site. He attributed this correlation to aerobic conditions on decomposition is the decomposilimitation by N or P. Since a number of factors can vary tion and subsidence of peat in the drained histosols of along a large-scale geographic gradient, we endeavored the Everglades (Tate, 1980 stores certain exogenous nutrients. This process of imjamaicense plants were gathered in September. In the subtropical climate of the Everglades, leaves of these plants are promobilization has been shown to play a role in reducing duced and also senesce at varying rates all year (Davis, 1991) .
concentrations of inorganic N in water of swamp streams
During this period, a particularly strong cycle of senescence of more than a factor of two in net primary productivity
Bags of each species of plant litter were placed in each of (Davis, 1991) , and an elevation in the concentration of the five experimental channels at each of the two sites late in soil P levels by up to a factor of 2.5 to three in peat the month of September. Bags were placed at a distance of accumulated since the 1960s (Craft and Richardson, analyzed for total P by digestion in a mixture of perchloric and nitric acid (Sommers and Nelson, 1972) and with analysis of the liberated PO 4 by the molybdate method (Technicon Industrial Systems, 1988) ; and for Ca, K, and Cu by perchloric acid digestion followed by atomic absorption spectrophotometry (using a graphite furnace for Cu). Microbial biomass P in the soil was measured in cores taken at the 1-m distance in each of the channels except the ones receiving the lowest dose of added P. These cores were taken after 8 mo of P additions. Each core was taken by pressing a transparent butyl plastic tube with a sharpened sawtoothed end into the peat. A 2-mm slice was shaved off the soil surface to exclude benthic algae from the sample. The core was pushed up from the bottom and sliced into 3-cm increments to the 24-cm depth. Samples were stored on ice and extracted within 72 h. A portion of the soil pore water was extracted by placing the peat on a 0.45-mm pore size membrane filter, and then the PO 4 concentration in the extracted water was measured. The fractionation procedure of Hedley et al. (1982) was used as detailed in Qualls and Richardson (1995) for samples taken from a nearby nutrient enrichment gradient. A moist soil sample, equivalent to 0.5 g dry mass, was treated with chloroform, which was later evaporated by vacuum. This sample was then extracted with 0.5 M sodium bicarbonate. A second parallel sample was extracted with sodium bicarbonate without chloroform fumigation. The difference between the bicarbonateextracted P of the sample which was, or was not, initially chloroform fumigated was reported as the "chloroformreleased P". This P is proportional to the P contained in microbial biomass (Hedley et al., 1982) . Walbridge (1991) found that between 37 and 46% of the microbial biomass P was extracted after chloroform fumigation of 10 acid peat soils. Since we were simply comparing several channels with initially similar soil, we will report the chloroform-released P and assume that it is proportional to microbial biomass (Hedley et al., 1982; Walbridge, 1991) . The bicarbonate extracted PO 4 -P in the soil samples that were not chloroform fumigated is reported as "exchangeable PO 4 -P" (Qualls and Richardson, 1995) .
Statistical analysis for elemental content of bags harvested at 1 yr consisted of linear or curvilinear regressions of the percentage of the initial element remaining as the dependent variable vs. average PO 4 -P concentration as the independent variable. The percentage of initial element remaining was calculated as: 100%(mg g Ϫ1 element at time t/mg g Ϫ1 element at fraction of initial C remaining to average PO 4 -P concenAn analysis of covariance was also done by using site as a tration were similar for both species, but the intercept categorical independent variable, average PO 4 -P concentrawas less for cattail litter. Thus, the cattail decayed faster tion as an independent variable, and percentage original elethan the sawgrass, but the response to PO 4 concentration mental content as the dependent variable in order to deterwas similar. The first-order decay constants for the litter, mine whether the slopes of the relationships differed between based on the predicted regression values of fraction of the two sites. To determine whether averages of any other initial C remaining, ranged from 0.46 to 1.11 yr Ϫ1 for independent variable (NH 4 -N, NO 3 -N, Ca, dissolved O 2 , pH, sawgrass litter and 0.59 to 1.30 yr Ϫ1 for cattail litter and water temperature) might explain trends, these were each regressed against the data for proportion of C remaining after across the range of PO 4 -P concentrations.
1 yr.
Only sawgrass litter was sampled during the course of the year, and in that time the sawgrass litter in the channel enriched with the highest level of P lost more
RESULTS
C than litter in the unenriched control (Fig. 2) . In the At the end of 1 yr of incubation, the loss of C by the channel receiving the highest input of P, the litter acculitter was strongly correlated with the average PO 4 -P mulated absolute quantities of P that were eight to 10 times those present in the initial litter by 250 d (Fig.  concentration (Fig. 1) . The slopes of the lines relating 3). Between 265 and 365 d, P remained constant or Figure 6 shows the remaining elemental content of both sawgrass (Fig. 6a) and cattail ( Fig. 6b ) after 1 yr dropped slightly in concentration. In the unenriched channel, P was lost and never accumulated above the of decomposition in all channels. The fraction of the initial mass of element remaining is plotted vs. the averquantity present in the initial litter (Fig. 3) . Sawgrass litter accumulated more N than was present in the initial age PO 4 -P concentration in water across the year of decomposition. The P remaining was far greater at inlitter in both the enriched and unenriched channels after a 30-d period (Fig. 4) . Patterns of N accumulation with creased concentrations of PO 4 -P in water ( Fig. 6a and 6b). The P remaining in litter appeared to approach a time were variable but not different between the enriched and unenriched control channels (Fig. 4) . Copper maximum or a plateau at an average PO 4 -P concentration water of ≈15 g L Ϫ1 , although the variability prealso accumulated two-to threefold in absolute quantity compared with that present in the initial sample (Fig. 5) .
vented a precise analysis of the characteristics of the curvilinear relationship. The regression was highly sigand K remaining in litter after 1 yr of decomposition was not significantly related, in most cases, to the avernificant (P Ͻ 0.001). The polynomial gave better fits to the P remaining data (Fig. 6 ) than linear fits (R 2 ϭ 0.48 age PO 4 -P concentration water (Table 1 ). The one exception to this lack of trends was that the N remaining in the case of cattail litter and R 2 ϭ 0.63 in the case of sawgrass litter). These fits were not used to imply a in the cattail litter after 1 yr of decomposition declined slightly but significantly (P ϭ 0.05) with increasing averparticular theoretical relationship but only to test whether there was any significant increase as a function age PO 4 -P concentration in water (Table 1) . Compared with the initial contents, there was a net increase in the of PO 4 -P concentration. The maximum fraction of P remaining in sawgrass litter was much higher than that N and Cu (in some cases several times more) content in the litter of both species across the range of all PO 4 -P in cattail litter, but the initial P content in sawgrass litter was much lower (112 g g Ϫ1 in cattail litter vs. 41 g treatments. In the case of Ca, sawgrass litter had gained Ca, while cattail litter had lost net amounts of Ca across g Ϫ1 in sawgrass litter). In contrast to P, the N, Cu, Ca, released P was approximately nine times higher than the control in the most enriched channel. Chloroformreleased P in the surface increment of the channel receiving intermediate P inputs was elevated about three times higher than that in the control. These dramatic differences declined with depth, and by the 12-to 15-cm depth increment, all channels were similar. In contrast, the exchangeable P in the soil was far lower than the microbial biomass P content and was only elevated in the upper increments of the channels receiving the highest inputs (Fig. 7b) .
DISCUSSION Litter Decomposition
Increases in PO 4 -P concentration appear to increase the decomposition rate of leaf litter in the Water Conservation Area 2A of the Everglades, at least for a period of 1 yr. This finding is consistent with the study of Davis (1991) , who found higher litter decomposition rates at a site in the nutrient-enriched area of Water Conservation Area 2A compared with a more southerly unenriched site. By adding PO 4 to randomly arranged mesocosms in which other conditions affecting decom- rate to average PO 4 concentration.
The increase in decomposition rate due to addition the range of PO 4 treatments (Table 1) . However, the initial concentration of Ca was much lower in sawgrass of exogenous nutrient is often regarded as occurring during the initial stages of decomposition when concenlitter (0.2% Ca) than in cattail litter (1.09%). In the litter of both species, only 10 to 20% of the initial K trations of the leaf tissue are low (i.e., C/P or C/N ratios are high) (Alexander, 1977) . As litter decomposes and remained in litter after 1 yr in all channels.
The average concentrations of NH 4 -N, NO 3 -N, Ca, N and P are concentrated in the litter, a critical C/N or C/P ratio is eventually reached, after which net mineraldissolved O 2 , pH, and water temperature (Table 2) were each regressed against the data for proportion of origiization and release of N and P occur. In this study, much of the acceleration of decomposition may have occurred nal mass remaining after 1 yr, but no significant correlations were found (not shown). All litter bags were inunin the early, more nutrient-limited stages of decomposition. However, there is evidence that P enrichment stimdated with water the entire year of incubation. Thus, these other parameters that might hypothetically affect ulates the decomposition rate of peat from the Everglades, since Craft and Richardson (1993a) found that decomposition cannot explain the pattern among channels.
the balance of net primary productivity and peat accretion would require higher rates of decomposition in the The chloroform-released P (proportional to microbial biomass P) content in soil was shown in Fig. 7a for the P-enriched areas than in unenriched areas. We hypothesize that the early stages of relatively rapid decomposicontrol, the intermediate input, and the highest inputs of P at both sites. In the surface depth increment of tion above the peat surface before burial is a critical stage in long-term accretion of peat and accretion of P. the soil of the most enriched channels, the chloroform- This is because the acceleration of decomposition while an effect. The studies of Elwood et al. (1981) demonstrated an effect of P addition alone on decomposition. litter is still in the aerobic zone may dramatically reduce the proportion of litter buried in the anaerobic zone.
The studies of Lockaby et al. (1996) , Peterson et al. (1993) , Aumen et al. (1985) , and Howarth and Fisher In fact, the final concentration of P in the cattail litter after 1 yr in the channel receiving the highest P input (1976) all demonstrated little or no stimulation of decomposition by P additions alone. A stimulation of litter was 1274 g g Ϫ1 soil (Ϯ 282 standard deviation) (Table  3) , which is only slightly less than the P concentration decomposition by inorganic N has been demonstrated by Howarth and Fisher (1976) , Meyer and Johnson in the 0-to 5-cm depth soil of the four most enriched plots (1400-1550 g g Ϫ1 soil) along the nutrient enrich-(1983), Aumen et al. (in conjunction with P) (1985) , and Suberkropp and Chauvet (1995) . However, a lack ment gradient in Water Conservation Area 2A (Qualls and Richardson, 1995) . This correspondence between of stimulation by inorganic N was demonstrated in the studies of Triska and Sedell (1976) , Newbold et al. the P concentration of the cattail litter in the most enriched channel and that found in the enriched zone of (1983), and Lockaby et al. (1996) . This study in the Everglades mesocosms is the first that we are aware of the northern Everglades not only suggests a reasonable correspondence to decay conditions there, but also that which has demonstrated quantitative relationship across a range of average nutrient concentrations on litter dethe litter approached the critical C/P ratio within a year.
The stimulation of submerged litter decomposition composition. These differences among various studies in response by nutrient additions has been demonstrated in several studies, but some others have demonstrated the lack of to P additions could be related to the N/P ratio in the Table 3 . The initial concentrations of P, N, Cu, Ca, and the C/P, C/N, and N/P ratios in sawgrass and cattail litter. The final concentrations and elemental ratios in litter collected after 1 yr in the most P-enriched channel at both sites is also shown to contrast the maximum P concentrations attained. water and the initial N/P ratio in the litter itself. The Craft and Richardson, 1993a; Qualls and Richardson, 1995) . Craft and Richardson (1993a) found up to 2.5 to initial N/P ratio (by mass) in our cattail litter was 37:1 and in the sawgrass litter was 73:1 (Table 3 ). Both of three times the P content (mg g Ϫ1 soil) in peat deposited since the 1960s in the P-enriched area of Water Conserthese ratios are relatively high and in a range which might suggest P rather than N limitation of litter decomvation Area 2A compared with the unenriched areas further from the source of nutrient inputs in canal water. position (Vogt et al., 1968) . In fact, the studies cited above in which leaf concentrations were measured, fall
In litter decomposed for 1 yr, we found up to eight to 10 times the absolute mass of P in litter in the most into a pattern of stimulation, or lack thereof, according to the initial N/P ratio. In the study of Elwood et al.
enriched channel compared with the control channel.
Since this litter will eventually be incorporated in peat, (1981) , the N/P ratio of the oak (Quercus spp.) leaves that exhibited a response to PO 4 additions was 34:1, with this uptake of P is likely to be very important in the P budget of the Everglades. a P concentration of 0.021%. In the study by Lockaby et al. (1996) which showed no response to PO 4 addition, We had hypothesized that an increase in microbial activity stimulated by PO 4 availability, and accompanied the N/P ratio was 8.1. The initial P contents of our sawgrass and cattail litter were quite low compared with by an increase in P uptake by litter, might also result in a greater uptake of N by the microbial biomass. This those reported in many other studies (Vogt et al., 1968) , but the initial P concentration of sawgrass litter was might occur even under conditions where N was not limiting to decomposition simply because a higher miconsistent with values reported by Davis (1991) , who reported values of ≈50 mg g Ϫ1 from an unenriched area crobial biomass would result in a higher quantity of N in the biomass. Exogenous N was apparently immobilized of the Everglades. These low P concentrations in litter reflect the extreme P deficiencies in the unenriched and accumulated in litter, as shown by the two-to fourfold increases in N remaining in the litter, but it did not portions of the Everglades.
Additions of P have also been shown to increase miaccumulate differently in the P-enriched litter despite the dramatic differences in P in the litter. A greater crobial respiration in peat with low P concentrations from the southern Everglades (Amador and Jones, cycling of C and P through the microbial biomass because of turnover rather than standing stock may explain 1993). In peat with high P concentrations, however, P additions did not stimulate respiration. Additions of why the accumulation of P was so much different from that of N. Likewise, the N content of peat was similar NH ϩ 4 did not stimulate respiration in the peat with low P content but did in peat with a high P content.
in the unenriched and enriched areas (Craft and Richardson, 1993a) , and indeed we found that N uptake by The initial P concentration in the litter also exerts an influence on the decomposition rate. Debusk and Reddy litter was similar regardless of P treatment. The general patterns of net uptake, and in some cases, (1998) incubated samples of litter and peat gathered from a nutrient enrichment gradient in Water Conservasubsequent decreases of P, N, Ca, and K, were typical of the patterns observed in litter decomposition studies, tion Area 2A in the laboratory and found that CO 2 production correlated with the initial P content of the but they differed in magnitude and timing. Brinson (1977) , for example, found a net increase in N, P, and substrate, which in turn, was higher in the nutrientenriched area of the gradient. Thus, P enrichment can Ca in the early phases of decomposition followed by a later net decrease as the weight loss of the litter prospeed decomposition rate of litter in the Everglades both by supplying exogenous P for microbial immobiligressed to the advanced stages of decomposition, presumably indicating a phase of net mineralization. Brinzation and by influencing the initial quality of the substrate. They also found that cattail litter decayed faster son (1977) also found, as we did, that K leached readily and did not accumulate in litter. than sawgrass litter.
Immobilization of Macronutrients by Litter Immobilization of Copper by Litter
Copper was also taken up and accumulated by the The immobilization of P by litter in response to increased PO 4 -P supply may be an important mechanism decomposing litter to amounts that were generally between 1.5 and six times that in the initial litter (Fig. 5 , of removing and storing excess P from the overlying water. It may also help explain the dramatically higher Table 1 ). Copper is potentially a limiting nutrient for plant growth in the Everglades peat soils. Copper limits P content and P accretion rate of peat in the enriched areas of Water Conservation Area 2A (Davis, 1991;  the growth of crop plants grown on drained Everglades peat, as it does in many Histosols (Coale, 1994) . This result in P removal might be adsorption to the soil and microbial immobilization. Comparison of the small eleprocess of uptake of Cu may be one that competes for available Cu with living plants and algae and may be the vation of exchangeable P to the massive elevation of microbial biomass P shows the importance of the microinitial step in long-term sequestration of this potentially limiting nutrient. Humic acids bind Cu strongly, and bial processes in this peat soil with a limited adsorption capacity (Richardson and Vaithiyanathan, 1995) comhumification of decomposing litter could be an explanation for the uptake by litter, in addition to microbial pared with mineral soils. This response might be contrasted to the initial removal of P in Fe-or Al-rich uptake and immobilization. This is the first report of which we are aware that demonstrates Cu uptake by mineral soils by adsorption (Richardson and Marshall, 1986; Richardson, 1985) . decomposing litter. The P-enriched areas of the northern Everglades have also been enriched in Cu (Vaithiyanathan and Richardson, 1997) , with a gradient in Cu CONCLUSIONS content corresponding with a well-established gradient Mesocosms proved useful in isolating the effect of P in soil P concentrations. Since crops in the Everglades enrichment on several wetland microbial processes in Agricultural Area are fertilized with Cu (Coale, 1994) , controlled, replicated, but natural field environments. runoff may be a possible source. Thus, immobilization This research has demonstrated P limitation of decomof Cu by litter may aid in reducing concentrations in position across a range of phosphate concentrations in surface water.
water. At the same time, it has also shown a dramatically increased PO 4 -P uptake by litter in phosphate enriched
Microbial Biomass Phosphorus in Soil channels. We also found net uptake of Cu and N by litter but no significant effect by the P enrichment of Microbial biomass P concentration, as indicated by water on the uptake of Cu, N, Ca, or K. Microbial the chloroform-released P, was greatly elevated in the biomass P concentrations in the soil of the P-enriched surface layers of soil. The origin of this P in the microbial channels were elevated by up to a factor of nine, but biomass might have been (i) immobilization of P in this elevation of microbial biomass P content was remicrobes decomposing detritus present in the soil before stricted to the upper 12 cm of soil. Responses of the the P additions began, (ii) assimilation of P from P-rich microbial community in litter and the surface layers of periphyton detritus deposited after P additions began, the peat soil were rapid, dramatic, and resulted in far or (iii) assimilation of P from P-enriched macrophyte greater uptake of P than adsorption, as indicated by leaf or root litter deposited after the P additions began. exchangeable P. While benthic algal periphyton was observed on the In the Everglades, P enrichment has been shown to surface, we had shaved off the 2-mm surface layer, which increase net primary productivity, increase peat accreappeared to eliminate any noticable green color. The tion, and increase litter decomposition rate -a general restriction of the P enrichment of the microbial biomass acceleration of C and nutrient cycling. While litter deto the near-surface layers might suggest deposition of composition rates are increased, large increases in net P-rich detritus from above, but immobilization of P by primary productivity (Davis, 1991) apparently more microbes on older detritus might also be consistent with than compensate for the increased decomposition rate this observation since the more recent upper layers of in controlling the rate of peat accretion (Craft and Richsoil might be expected to harbor a more active microbial ardson, 1993a). Concern has also been expressed that community. It was notable that many macrophytes had a the increased O 2 demand created by these increases in greater density of roots in the peat below the P-enriched decomposition may also adversely affect dissolved O 2 layer, so it appeared that if there was any translocation concentrations (Amador and Jones, 1993) . The remarkof P to the roots from the aboveground parts, it had able capacity for extremely P-deficient litter and peat not cycled to the deeper microbial biomass at that time.
to immobilize large quantities of P also works to remove In a study of 15 different soils, Brooks et al. (1984) PO 4 from water. These factors will all be important in found no relationship between the percentage of P in the functioning of constructed wetlands (Guardo et al., microbial biomass and the bicarbonate-exchangeable 1995) meant to remove P from waters entering the PO 4 in the soil. In a study of the effect of fertilizer on northern Everglades. a cropped soil, Ghoshal and Singh (1995) found a 37% greater microbial biomass P in the fertilized soil than
